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SUMMARY  
The key characteristics of vehicles which determine in-cabin pollutant concentrations from an 
external source are outside air flow into the compartment and the protection to pollutant 
penetration offered by the HVAC system and vehicle shell.  We have quantified these 
variables in a fleet of vehicles of varying age and manufacturer under a recirculation 
ventilation setting, with a specific focus on submicrometer particulate matter. The particulate 
measurements were performed in an underground road tunnel in Sydney, Australia.  The high 
levels of outside air infiltration and lack of a filter in the older vehicle examined (1989 Mazda 
121) contributed to significantly increased I/O particulate ratios when compared to the newer 
vehicle (2005 VW Golf), which was fitted with a filter, and inside which outside air 
infiltration was ~4% of that measured in the older vehicle for the average speed maintained 
during tunnel trips.  The particle concentrations measured in our study compare reasonably 
with those made in similar studies conducted overseas. 
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INTRODUCTION 
The vehicle cabin environment is where peak exposures to a variety of pollutants often occur.  
Although the average time spent inside vehicles is much less than in other indoor 
environments, the pollutant concentrations present have the potential to be much greater, due 
to the multitude of combustion-related pollutant sources which are typically encountered 
during transit (i.e. exhaust emissions from cars, buses and trucks).  The recognition of the in-
vehicle environment as a potential location of peak exposure and the subsequent study of its 
air quality has existed for some time. However, advancements in measurement technology 
now permit relatively accurate assessment of a wider variety of pollutants than was previously 
possible, with recent studies highlighting this (Westerdahl et al., 2005; Zhu et al., 2007).   
The focus of the work presented here is submicrometer particulate matter concentrations in 
vehicles travelling through the M5 East underground road tunnel, located in Sydney, 
Australia. The tunnel is characterised by a large volume of heavy-duty diesel-powered trucks, 
and a visible haze is often present in the tunnel. Users of this tunnel are advised to follow 
‘common-sense’ guidelines, such as closing windows and setting the air intake of the 
vehicle’s HVAC system to the recirculate mode (Cains et al., 2003). We wished to assess the 
efficacy of these measures in vehicles of varying age and type, in terms of their potential to 
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reduce submicrometer particle penetration into the cabin. The choice of submicrometer 
particles as the pollutant of interest is related to the potentially detrimental health effects that 
exposure may cause in susceptible persons (Chuang et al., 2005). There is currently no 
official standard for submicrometer particle concentration exposure, but several health-
focussed studies, whilst often stressing the need for further research, have highlighted the 
significance of traffic combustion-generated smaller particulates on cardiovascular responses 
in humans (Peters et al., 2004; Reidiker et al., 2004). As civil tunnel advance in Australia has 
been predicted to be ~20km/year from 2006 onwards (Day and Robertson, 2004), the issue of 
air quality in road tunnels and the exposures of commuters using them is an on-going issue. 
The primary aims of our project are to quantify, on-road, the key HVAC characteristics of air 
flow and submicrometer particle penetration in a fleet of four passenger vehicles, under a 
variety of ventilation settings. The secondary aim of our work is to then incorporate these 
empirical measurements into a simple predictive model of particle concentration inside the 
vehicle cabin. As this project is on-going, the data presented here are not final, and represent a 
subset of the overall data collected. 
 
METHODS  
A set of vehicles thought to be generally representative of the overall stock in Australia were 
selected.  At the most recent census, passenger vehicles made up approximately 77% of the 
registered vehicle fleet in Australia, with their average age being 9.8 years (Australian Bureau 
of Statistics, 2006). 21% of the passenger vehicle fleet consists of vehicles manufactured prior 
to 1991. The vehicles used in our study were; a 1989 Mazda 121 hatch-back, a 1998 
Mitsubishi Magna sedan, a 2005 Toyota HiLux utility vehicle and a 2005 Volkswagen Golf 
hatch-back. All vehicles were powered by unleaded petrol. The HVAC systems of these 
vehicles vary; the Mazda 121 has no air conditioning and no filtration system, both the 
Mitsubishi Magna and the Toyota HiLux have air conditioning, but no filtration, and the 
Volkswagen Golf has air conditioning and a fibrous pollen/dust filter. During measurements 
of air flow and particle penetration, a standard set of four ventilation conditions were used in 
all vehicles.       
 
1 – Completely Closed Cabin (CCC): Fan off, all vents closed, air intake set to recirculate, all 
windows closed.  Air conditioner off. 
2 – Recirculate 1 (R1): Fan set to lowest speed, all vents open and in the ‘face only’ position, 
air intake set to recirculate, air conditioner on and set to full cooling mode. All windows 
closed. 
3 – External 1 (E1): Fan set to lowest speed, all vents open and in the ‘face only’ position, air 
intake set to external, air conditioner on and set to full cooling mode. All windows closed.  
4 – External 3 (E3): Fan set to second highest speed, all vents open and in the ‘face only’ 
position, air intake set to external, air conditioner on and set to full cooling mode.  All 
windows closed. 
 
The first phase of the project involved measuring air flow rates under each ventilation setting 
at 0km/h, 60km/h and 110km/h. A tracer gas method was used to achieve this. When 
conducting tests using the CCC ventilation mode with the vehicle stationary, wind speed 
adjacent to the vehicle was monitored. The internal volume of each vehicle was also estimated 
using tracer gas, such that conversions could be made between common ventilation 
measurement units; air changes per hour (ACH) and volume flow rate per hour (m3/h). For 
each combination of vehicle, speed and ventilation setting, three separate tests were made. For 
a detailed description of the test protocols and techniques, refer to Knibbs et al. (2007a). 
Interior surface area to volume (S/V) ratio estimates were made for each of the study vehicles. 
Surface area was measured manually, with the interior surfaces being separated into a series 
of simple shapes.  The individual area of these shapes was calculated and added to give an 
estimate of overall area.  Every effort was made to include all internal surfaces. 
The second phase of the project consisted of on-road measurement of particle penetration 
under the four ventilation modes into the vehicle cabin, during transit through a road tunnel. 
The road tunnel is comprised of two separate tunnels, one for eastbound traffic and another 
for westbound traffic.  Each tunnel has two lanes and encompasses a range of road gradients.  
The length of each tunnel is ~4.1km and the maximum speed permitted is 80km/h.  Testing 
was conducted from June to August, 2006. 
A portable condensation particle counter capable of particle number measurement in the 
0.01μm to 1.0μm particle size range was used to sample air inside and outside of the vehicle. 
This gives the overall penetration of particles in this range. While Hanley et al. (1994) note 
the often more practical application of size dependent testing, from our simplistic modeling 
approach, overall penetration was a suitable measure. Hanley et al. (1994) also noted the 
benefits of using a single instrument to measure upstream (outside) and downstream (inside) 
particle concentrations, of which the most significant is perhaps the removal of differences in 
counting efficiency between two ostensibly identical instruments. A datalogger-controlled 
system was implemented to operate a ‘Y’-type valve every 20 seconds in order to permit 
contiguous measures inside and outside of the test vehicles, which was analogous to a 
technique used by Rodes et al. (1998). This switching interval was selected in order to 
account for sample residence time in the tubing and the response time of the instrument. The 
valve was tested with a bubble flow meter prior to testing and it was found to be air-tight (i.e. 
when inside samples were being taken, no air flowed through the outside sampling line and 
vice-versa). Inside samples were taken from the front seat passenger’s approximate breathing 
zone, near the air vents. Outside samples were made at the HVAC system air inlet. 
Conductive tubing and hardware (flow splitter) were used, with tubing lengths able to be 
minimised by placing the particle counter on a stand which kept it in close proximity to the 
sample points. The distance from the outside sampling point to the particle counter was ~1m. 
The outside line had to be routed through a small gap in front passenger window of each test 
vehicle, which was then sealed on both sides with waterproof tape.   
During initial pilot tests it was apparent that the concentrations encountered in the sampling 
locations were well beyond the maximum detection limit of the instrument (105 
particles/cm3). To overcome this, a dilution system was utilised.  This enabled concentrations 
well beyond the standard maximum detection limit to be measured. A comprehensive 
description of the dilution system can be found in Knibbs et al. (2007b). An empirical 
correction factor to account for the effects of particle loss in the combined sampling system 
(i.e. dilution, valve, tubing and hardware) was determined via testing carried out in a 
laboratory chamber test, using four-stroke unleaded petrol combustion-generated particles as 
the test pollutant. Processing and analysis of the data involved separating the data into inside 
and outside measurements and removing clearance data which were recorded following a 
change of valve position. The correction factor was then applied to the remaining 
measurements. 
The results presented here describe the inside and outside trip average concentration 
calculated for all tunnel trips made under the recirculation mode in the Mazda 121 (oldest 
vehicle with least ‘sophisticated’ HVAC system) and VW Golf (newest vehicle with AC and 
filter). 19 trips of this type were made in the VW Golf between 19/7/06 and 23/7/06, whilst 16 
trips were made in the Mazda 121 between 25/7/06 and 30/7/06. These trips were distributed 
very evenly between the Eastbound and Westbound tunnels and across different periods of the 
day. 
 
 
RESULTS 
A summary of ventilation measurement results is provides in Table 1. Air flow in the test 
vehicles under all ventilation modes increased in an approximately linear manner with 
increasing vehicle speed. However, the amount of outside air entering the cabin under the 
recirculate mode varied greatly across the vehicle fleet, which was exemplified in the much 
higher values recorded in the Mazda 121 compared to the VW Golf. The difference in outside 
air entering the cabin under this setting was 120m3/h at 60km/h and 159.5m3/h at 110km/h. 
As noted in Knibbs et al. (2007a), there was little evidence to indicate that deliberate 
introduction of make-up air occurs under the recirculate setting, as tests conducted with 
HVAC fan off, outside air intake closed and vents shut returned very similar values to the 
recirculate mode tests. This implies that outside air entering under the recirculate setting is 
doing so by leakage.   
Estimates of interior volume and surface area for each vehicle and the corresponding S/V 
ratios are given in Table 2. It is useful to consider that these measurements were made with 
the trunk partitions removed in the two hatch-back vehicles (Mazda 121 and VW Golf), 
which was required in order to install the ventilation measurement equipment and tracer gas 
bottle during volume estimation tests. It is unlikely the results would vary greatly if they had 
been left in place, as they would have permitted air flow between the main cabin and the 
trunk, due to their very loose fit. Conversely, the trunk of the other two test vehicles was 
physically separated from the main cabin; by a hard plastic barrier and tight-fitting rear seats 
in the Mitsubishi Magna, and by the metallic rear firewall in the Toyota HiLux, and as such, 
has not been included in these measurements. 
Figure 1 shows the measured mean I/O particle ratios under the recirculation setting for the 
Mazda 121 and VW Golf. There was a large difference in the maximum mean outside 
concentration encountered during testing in the two vehicles, with one trip in the VW Golf 
recording a trip mean outside value of 2.04 x 106 particles/cm3, while the equivalent measure 
in the Mazda 121 was 1.06 x 106 particles/cm3. The minimum outside mean concentration 
measures were similar for both vehicles; 1.33 x 105 particles/cm3 for the VW Golf and 0.99 x 
105 particles/cm3 for the Mazda 121.  
 
Table 1. Summary of mean measured air flow for all vehicles. 
 E1 (m3/h) E3 (m3/h) R1 (m3/h) CCC (m3/h) 
Wind 
Spd. 
(CCC) 
Mitsubishi Magna    
0 km/h 148.6 264.4 11.6 0.6 0.4 km/h 
60 km/h 244.3 343.5 45.6 38.6  
110 km/h 267.3 399.8 110.9 61.2  
Toyota HiLux    
0 km/h 131.7 260.6 2.3 3.9 5.6 km/h 
60 km/h 154.8 271.5 15.9 14.0  
110 km/h 217.2 292.5 23.8 22.1  
VW Golf    
0 km/h 155.1 299.5 0.4 0.0 0.9 km/h 
60 km/h 169.7 312.6 5.2 4.6  
110 km/h 222.2 334.2 11.0 11.0  
Mazda 121    
0 km/h 96.0 224.9 1.3 7.5 2.7 km/h 
60 km/h 188.8 281.4 125.2 113.6  
110 km/h 282.5 346.4 170.5 171.0  
 
 
Table 2. Estimated interior S/V ratios for all vehicles. 
 Est. Surface Area (m2) Est. Volume (m3) Est. S/V Ratio (m-1) 
1989 Mazda 121 16.08 3.32 4.84 
1998 Mitsubishi Magna 19.41 3.72 5.22 
2005 Toyota HiLux 18.52 3.33 5.56 
2005 VW Golf 23.50 3.88 6.06 
 
There is a general trend in both vehicles of reducing I/O ratios with increasing outside 
concentrations, although the ratio for a given outside concentration is generally significantly 
higher for the Mazda 121.  The highest I/O ratios for both vehicles were observed at the 
lowest outside mean concentrations (0.21 for the VW Golf and 0.91 for the Mazda 121).  
There is a noticeable disparity in the general trend of I/O ratios recorded in the Mazda 121 
when the outside concentrations were above ~5.0 x 105 particles/cm3, which is discussed 
further in the following section.    
 
DISCUSSION 
The observation of high I/O ratios at lower mean outside particle levels reflects the influence 
of the background concentration inside the vehicle prior to tunnel entry. No attempt has been 
made to account for this, as our aims are concerned with the conditions experienced by 
drivers in everyday conditions. The comparatively low I/O ratios recorded in the VW Golf are 
due to its increased air-tightness relative to the Mazda 121. Additionally, if the small amount 
of air leaking into the VW Golf was doing so via the HVAC inlet and passing through the 
recirculation damper, then it is likely that this air would make contact with the filter and other 
surfaces. Although not specifically designated by the manufacturer as a HEPA filter, it may 
affect some reduction in submicrometer particles most prone to entrapment by filtration 
media, i.e. particles smaller than ~0.08μm and larger than ~0.8μm (Hanley et al., 1994). I/O 
ratios in the VW Golf were generally less than 0.1, especially with increasing outside 
concentrations, as the effect of the background concentration is negated. The very small 
amount of outside air entering the cabin resulted in extremely stable levels inside. The 
average speed maintained throughout the runs made in the VW Golf was 65.2 km/h. At this 
speed only ~5.2 m3 of outside air enters the cabin per hour.  Given the short duration of most 
tunnel transects, only ~0.3 m3 of tunnel air would infiltrate the vehicle during an average trip. 
The relatively low air-tightness of the Mazda 121 and lack of a filter resulted in significantly 
higher I/O ratios when compared to the VW Golf. The presence or lack of air conditioning is 
not thought to be a significant determinant of in-vehicle particle concentration for the size 
range examined (Zhu et al., 2007). The deviation from the overall trend at outside 
concentrations above ~5.0 x 105 particles/cm3 is likely to be related to a brief change in 
general size distribution of particles in the tunnel air. Most points in Figure 1 where the I/O 
ratio increased with increasing outside concentration were measured in the same tunnel in the 
mid-afternoon, when many older diesel-powered school buses were observed to often 
frequent the tunnel. This offers some explanation as to the origins of these fluctuations, and 
will be under further scrutiny in subsequent analyses. 7.7 m3 of outside air infiltrated the 
Mazda 121 cabin during an average tunnel trip, which explains in part the consistently higher 
I/O levels compared to those observed in the much more air-tight VW Golf. It is clear from 
the measured I/O ratios that reduction in particle concentration occurred in the air infiltration 
pathways. The mechanisms causing this will be investigated in detail at a later point in our 
study.  
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Figure 1.  Measured mean outside submicrometer particle concentration during all tunnel trips 
made under the recirculate ventilation mode in the Mazda 121 and VW Golf versus 
corresponding I/O ratio. 
 
The processes of deposition and coagulation may have some effect on in-cabin particle 
concentration, particularly when the relatively high S/V ratios presented in Table 2 are 
considered (Jamriska and Morawska, 2003). However, this is mainly relevant to the most air-
tight vehicles when operating under recirculation, or other setting characterised by low 
outside air infiltration. It is useful to note that Zhu et al. (2007) have also promulgated the 
likelihood of deposition being significant under such conditions. 
The results presented here, although preliminary in nature, broadly correspond with the results 
of analogous work conducted overseas. Gouriou et al. (2004) reported mean concentrations of 
particles measured inside a vehicle during a tunnel transit between 2.0 x 105 particles/cm3 and 
5.1 x 105 particles/cm3. The equivalent range in our study was 8.2 x 104 particles/cm3 to 4.5 x 
105 particles/cm3 for the Mazda 121, and 2.3 x 104 particles/cm3 to 4.4 x 104 particles/cm3 for 
the VW Golf. It should be considered, however, that Gouriou et al. (2004) were measuring 
across the size range of 0.03μm to 10μm. Nevertheless, the results for the Mazda 121 are 
comparable, which reflects that the bulk of the particle number counts in their study were 
comprised of submicrometer particles. Gouriou et al. (2004) do not give specifics on the type 
of vehicle used during their testing, other than that it was a van, but from the above results it 
could conceivably be an older less-airtight type, or a newer type with the external HVAC 
system air intake open.  
Using similar equipment to our study, Westerdahl et al. (2005) reported that average median 
on-road ultrafine particle concentrations on freeways were typically one order of magnitude 
higher than measurements made on residential roadways (105 particles/cm3 vs. 104 
particles/cm3). Westerdahl et al. (2005) noted the very high peak ultrafine particle 
concentrations observed in their study relative to other on-road studies, with the exception of 
tunnel-based studies. Several tunnel trip outside averages measured during our work were 
significantly higher than the peak value reported in their study (8.0 x 105 particles/cm3) and 
one order of magnitude above the median average freeway measurements they reported, 
however we were measuring submicrometer, rather than ultrafine particles only.  
Although range of vehicle ages they examined was smaller then in our study (2000-2005 vs. 
1989-2005), Zhu et al. (2007) found that newer vehicles afforded more protection from 
ultrafine particles to occupants than older vehicles. The range of average I/O ultrafine particle 
ratios observed in their vehicle fleet under a recirculation setting with AC on was <0.1 to 0.6, 
which agrees reasonably well with the comparatively small data set we present in this paper.  
Zhu et al. (2007) speculated that the particle protection offered in older vehicles was less than 
newer vehicles due to increased leakage as a consequence of increased deterioration of door 
and window seals in older vehicles. The ventilation and particle ratio data we have presented 
here both support this speculation.  Average concentrations of ultrafine particles measured 
outside of the test vehicles used by Zhu et al. (2007) on roads characterised by a traffic fleet 
of 5% and ~25% diesel vehicles were ~2.4 x 105 particles/cm3 and ~2.6 x 105 particles/cm3 
respectively, which are of the same order as similar measurements made in an almost 
identical area by Westerdahl et al. (2005).  
Fruin et al. (2008) estimated that 33-45% of total daily ultrafine particulate exposure for Los 
Angeles residents occurred inside vehicles, even though only ~6% of time is spent there. It 
could be assumed that the daily activity patterns of Los Angeles and Sydney residents are 
roughly similar (considering they experience similar climates). Taking the values they present 
into account, in addition to the relatively aged (and subsequently ‘leaky’) Australian vehicle 
fleet, and the significant number of Sydney commuters who use road tunnels on a typical 
daily journey, it is apparent that in-vehicle exposure to submicrometer combustion particles is 
an issue worthy of increasing attention in Sydney, and all large cities in general.  
As stated, the data we have presented in this paper are preliminary results which are a subset 
of a larger on-going study. We acknowledge the primary limitation of this work is the absence 
of on-road particle size distribution information. However, data of this type are available for 
varying roadway conditions and vehicle fleets (Gouriou et al., 2004; Westerdahl et al., 2005; 
Zhu et al., 2007), and examining these data, average on-road size distributions based on 
repeated sampling on the same roadways exhibit only moderate variation.   
 
CONCLUSIONS 
The results of this work elucidate the effects of vehicle age, air-tightness and filter presence 
on vehicle I/O submicrometer particle concentrations, under a recirculation ventilation setting.  
In-vehicle concentrations as a proportion of a range of outside concentrations were 
significantly higher in the older Mazda 121. At the average speed maintained for both 
vehicles during testing in the tunnel, the volume of outside air leakage in the VW Golf was 
~4% of that measured in the Mazda 121. The number concentration measurement and I/O 
ratio results presented here agree reasonably with those presented in comparable studies 
above, despite differences in measurement equipment and sampling techniques. Surface to 
volume ratios estimated for each vehicle highlight the potentially significant effect that 
particle deposition may have in more air-tight vehicles, and this is a possible avenue of 
investigation for subsequent studies. 
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